We report upon the excellent magnetocaloric properties of Gd 53 Al 24 Co 20 Zr 3 amorphous microwires. In addition to obtaining the large magnetic entropy change (ÀDS M $ 10.3 J/kg K at T C $ 95 K), an extremely large value of refrigerant capacity (RC $ 733.4 J/kg) has been achieved for a field change of 5 T in an array of forty microwires arranged in parallel. This value of RC is about 79% and 103% larger than those of Gd ($410 J/kg) and Gd 5 Si 2 Ge 1.9 Fe 0.1 ($360 J/kg) regardless of their magnetic ordering temperatures. The design and fabrication of a magnetic bed made of these parallel-arranged microwires would thus be a very promising approach for active magnetic refrigeration for nitrogen liquefaction. Since these microwires can easily be assembled as laminate structures, they have potential applications as a cooling device for micro electro mechanical systems and nano electro mechanical systems. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4751038] Magnetic refrigeration (MR) based on the magnetocaloric effect (MCE) is an energy-efficient and environmentally friendly cooling technology. [1] [2] [3] Using a magnetic substance as a refrigerant material and the principle of "magnetizing" and "demagnetizing", this technology provides a higher cooling efficiency and compactness over conventional gas compression techniques. A main goal for making this technology possible is to seek materials that are cost-effective and exhibit large magnetic entropy change (DS M ) over a wide temperature range, namely a large refrigerant capacity (RC). [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The RC is a measure of the amount of heat transfer between the cold and hot reservoirs in an ideal refrigeration cycle, which depends not only on the magnitude of DS M but also on its temperature dependence (e.g., the full width at half maximum of the DS M (T) peak). 4, 14 The existing magnetocaloric materials are far from ideal due to the limitations of their intrinsic structure and properties. Specifically, materials with a first-order magnetic transition (FOMT), such as Gd-Si-Ge, 1 Mn-Fe-P-As, 15 MnAs-Sb, 16 and Ni-Mn-Ga 17 alloys, possess a larger DS M , but the effect is restricted to a narrow temperature range resulting in a smaller RC. Materials displaying a second-order magnetic transition (SOMT) are often found to exhibit a smaller MCE but with a distribution over a broader temperature range, thus resulting in a larger RC. 1, 3, 4, 9, 18 In addition, hysteretic losses associated with the FOMT are usually very large and therefore detrimental to the RC, whereas these effects are very small or negligible in the case of the SOMT materials. 4, 18 In this context, it would be desirable to engineer peculiar SOMT materials 1, [3] [4] [5] 7, 9 or composites 6, [9] [10] [11] [12] [13] that undergo multiple SOMTs to exhibit large RC for active magnetic refrigeration (AMR) applications. From a cooling application perspective, it is noted that a magnetic refrigerator acquires a higher amount of heat absorption/extraction per volume than in a conventional gas-based cooling system. 1, 19 Since a magnetic material is the working body of a MR system, it is required to have a large heat transfer area to provide high heat exchange efficiency. 19 In this context, the exploration of the MCE in magnetic materials in the form of micro/nanowires is of practical importance. [20] [21] [22] The use of these wires with increased surface areas will not only enhance heat transfer processes but also promote chemical reactions of solid refrigerant with liquid coolant used to transfer heat inside the system. 19 However, the MCEs achieved in the existing micro/nanowires [20] [21] [22] were relatively small (e.g., ÀDS M $ 0.7 J/kg K at 3 T for Ni 50.95 Mn 25.45 Ga 23.6 microwires 22 ), making them unsuitable for AMR applications. In this letter, the excellent magnetocaloric properties of Gd-based amorphous microwires, which were fabricated by a modified precision melt-extraction method, are reported. The large values of MCE (ÀDS M $ 10.3 J/kg K at T C $ 95 K) and RC ($733.4 J/kg) are achieved for a field change of 5 T in an array of forty parallelly arranged microwires. This value of RC is about 79% larger than that of Gd ($410 J/kg) for the same field change regardless of their ordering temperature. In addition, negligible thermal and field hysteresis losses are observed in these wires, due to the nature of SOMT. These excellent magnetocaloric properties make this system one of the best candidate materials for AMR in the liquid nitrogen temperature range.
Amorphous wires of a nominal composition Gd 53 Al 24 Co 20 Zr 3 were fabricated using a home-built melt- facility. 23 The composition of the wire was chosen because its bulk glass counterpart was reported to show excellent magnetocaloric properties. 5 A fabrication process of the wires can be described as follows: The ingot with a diameter of 8 mm was prepared from raw materials Gd, Al, Co, and Zr crystals in argon atmosphere by arc melting. Melt extraction process was performed using a copper wheel with a diameter of 160 mm and 60 knife edge, the linear velocity of the wheel rim was fixed at 30 m/min and a feed rate of the molten was kept at 90 lm/s. The amorphous nature of the wires was confirmed by X-ray diffraction (XRD). The morphology of the wires was observed by a field emission scanning electron microscope (SEM S-4700) at 15 kV. Thermal analysis was carried out in a Perkin-Elmer differential scanning calorimeter (DSC) at a heating rate of 20 K/min. Magnetic and magnetocaloric measurements were conducted using a commercial physical property measurement system (PPMS) from quantum design with a temperature range of 5-300 K and applied fields up to 7 T. Figure 1 shows DSC (main panel) and a side-view image (inset) of the fabricated wires. The DSC profile clearly reveals the glassy nature of the wires. The endothermic reaction displayed in the graph indicates the glass transition. The crystallization is reflected by the presence of a sharp exothermic peak. The glass transition temperature T g and onset crystallization temperature T x are determined to be about 602 K and 651 K, respectively. The resulting width of the supercooled region DT x ¼ T x À T g yields a value of 49 K, which is similar to that reported by Luo et al. 5 The large value of DT x obtained, coupled with the observed distinctive glass transition and sharp crystallization, suggests the excellent glass forming ability of the fabricated wires. As can be seen in the inset of Fig. 1 , wires of an average diameter of 50 lm were fabricated.
On investigating the magnetocaloric properties of the present wires, we recall that there is a noticeable influence of the demagnetizing field (e.g., the shape of a sample) on the determination of the MCE from isothermal M-H curves 24 and that the shape anisotropy plays an important role in determining the MCE in an array of parallel-arranged nanowires. 21 Therefore, in the present work, we have performed a comparative study of the magnetic and magnetocaloric properties of the wire-shaped sample (the average length is 5 mm) and the bulk rectangular-shaped sample (the length, width, and thickness are 2.5 mm, 1.78 mm, and 0.76 mm, respectively). While the magnetic field was applied along the microwires during magnetic measurements, it was applied in-plane and out-ofplane to the rectangular-shaped sample. Figure 2 shows the temperature dependence of zero-field-cooled (ZFC) and fieldcooled (FC) magnetization taken at a field of 20 mT for the bulk sample ( Fig. 2(a) , in-plane and out-of-plane) and for the microwires sample (Fig. 2(b) ). It can be observed that the samples undergo a paramagnetic to ferromagnetic (PM-FM) transition. The Curie temperature T C , which is defined by the minimum in dM/dT, is determined to be about 95 K for the samples studied. It is also noted that the magnetization is much larger and the PM-FM transition is sharper for the "inplane" case than for the "out-of-plane" case due to a lower demagnetizing factor. The microwires sample exhibits a broad PM-FM transition, with a very large value of magnetization observed at low temperatures. As one can see in the inset of Fig. 2(b) , the M-H loop taken at 10 K shows a soft ferromagnetic characteristic (H C $ 0.8 mT) for the microwires, which is desirable for AMR. The square shape of the M-H loop consistently indicates that the easy direction of the magnetization is parallel to the microwire axis.
In order to evaluate the MCE in the present samples, the isothermal magnetization curves of the samples were measured with a field step of 0.05 mT in a range of 0-3 T and a temperature interval of 3 K in a range of temperatures around T C . The results are shown in Figs. 3(a)-3(c) for all three cases. It is worth noting that unlike the bulk sample (both in-plane and out-of-plane), the magnetization easily reaches its saturation state at low magnetic fields for the case of the microwires sample, due to the shape anisotropy of the microwires. Interestingly, large variations in the magnetization around the T C occur at low magnetic fields (<2 T), indicating a large low-magnetic field induced magnetic entropy change in the microwires sample. This feature is desirable for domestic applications of magnetic refrigerators, where, instead of using expensive superconducting magnets, more economical permanent magnets can be used as a magnetic field source. 2 To assess the nature of the magnetic phase transitions in the present samples, Arrott plots have been constructed based on the M-H data (Figs. 3(d)-3(f) ). According to the Banerjee criterion, 25 corresponding to a first order transition and a positive slope corresponding to a second order transition, which is also supported by the lack of thermal hysteresis. By this criterion, all the present samples clearly undergo a second-order magnetic transition, which is desirable for AMR since first-order transitions are accompanied by large hysteretic losses. 18 From the M-H isotherms shown in Figs. 3(a)-3(c) , the magnetic entropy change (DS M ) of the samples has been calculated using the Maxwell relation,
where M is the magnetization, H is the magnetic field, and T is the temperature. Figures 4(a) and 4(b) show the temperature dependence of ÀDS M at different magnetic field changes up to 3 T for the bulk sample (the "out-of-plane" case) and for the microwires sample, respectively. As expected, both samples exhibit large magnetic entropy changes around the T C . From the data shown in Figs. 4(a) and 4(b), the magnetic field dependence of the maximum magnetic entropy change (DS max M ) has been deduced and is plotted in Fig. 4(c) . It is interesting to note in this figure that the value of DS max M is largest for the case of the microwires sample and is smallest for the "out-of-plane" case of the bulk sample. Another remarkable feature is that the ÀDS M vs. T curves are broader in the case of the microwires sample. This thus leads to an expectation that a much larger RC would be achieved in this sample. To confirm this, the RC of the samples has been calculated from the relation
where T 1 and T 2 are the temperatures of the cold end and the hot end of an ideal thermodynamic cycle, respectively.
14 This is plotted as a function of magnetic field and the result is displayed in Fig. 4(d) for all three cases. The largest value of RC is achieved in the microwires sample. For l 0 DH ¼ 2 T, the RC calculated for the microwires sample is 276.2 J/kg, while it is 224.3 J/kg and 166.3 J/kg for the "in-plane" and "out-of-plane" cases of the bulk sample, respectively. To put our results in the context of previous studies, we summarize in Table I the ÀDS M and RC values of the present samples and other magnetocaloric candidate materials for AMR in the temperature range of 10-100 K. We have used the method 26 based on the power law relationship between RC and magnetic field to evaluate the RC of the present samples for l 0 DH ¼ 5 T. It can be seen in Table I that among the compared magnetocaloric materials, [3] [4] [5] 27 ,28 the microwires sample shows the largest RC. For l 0 DH ¼ 5 T, the value of RC ($733.4 J/kg) achieved for the microwires sample is about 79% and 103% larger than those of Gd ($410 J/kg) 3 and Gd 5 Si 2 Ge 1.9 Fe 0.1 ($360 J/kg) 4 regardless of their ordering temperature. We recall that the microwires also possess zero thermal and nearly zero field hysteresis losses, due to the nature of SOMT. These excellent magnetocaloric properties make it one of the best candidate materials for AMR in the liquid nitrogen temperature range.
As reported previously in Refs. 24 and 29, the increase of the demagnetizing factor (N) caused a significant decrease in DS M for temperatures below T C , while the shape of the DS M vs. T curves remained unchanged for temperatures above T C . In the present study, the values of N are determined to be $0 for the "microwire" and "in-plane" cases, while it is 1 for the "out-of-plane" case. We have observed a significant effect of the sample shape on the DS M and RC in Gd 53 Al 24 further study is needed to clarify this. It has also been noted that due to the poor geometry and associated stress and chemical inhomogeneity, the demagnetizing field is reinforced and non-uniformly distributed with the addition of induced local demagnetizing field in the wire, which, in effect, degrades the magnetic properties including MCE. 30 The magnified SEM images of the Gd 53 Al 24 Co 20 Zr 3 microwires reveal the presence of a few bumps and high surface roughness. Therefore, there remains large room to enhance the quality of the present wires via optimization of fabrication process so as to further improve the MCE performance.
In summary, we have fabricated the amorphous microwires of Gd 53 Al 24 Co 20 Zr 3 using a modified precision melt-extraction method. These microwires show excellent magnetocaloric properties, which are certainly open to further optimization via facile processing manipulation. We propose that the design and fabrication of a magnetic bed made of these multiple single parallel-arranged microwires would be a very promising approach for active magnetic refrigeration for nitrogen liquefaction. (Fig. 4(c) ) and RC (Fig. 4(d) ) for all the "in-plane," "out-of-plane," and 'microwire" cases. 
